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ANALYSIS OF THE EFFECTS OF FREE STREAM

GAS VELOCITY UPON ASTRONAUT THERMAL COMFORT

OBJECTIVES ‘
The Analytical Section of the ECS Branch of the Crew Systems Division
has performed a study to investigate the effect of free strsam gés

velocity upon astronaut performance, The ultimate objective of this

- investigation was to determine thé ninimun free stream velocity that can

!
be tolerated by man in a zero graviity envirommsnt, assuming a reasonable

range of possible cabin environmeﬁtal conditions and crew activity

levels, : f .

i
INTRODUCTION %

. A fres stream velocity of the atmdsphefa surrournding man provides two

principal functions: (a) removes the products of metabolism end (b)

provides metabolic heat rejection,
. {

Carbon.dioxide and water are the Qwo ﬁajor by-preducts of metabelism in
man. It is necessary to remove tﬂese wastes from the immediate vicinity
of the man so that hé can continue functioning normally. To a certain
extent, normal gaseous diffusion will ;ccomplish this. function, However,
the diffusion mechanism 1s limited and for metabolic rates higher thag_

- sedentary, a free stream gas velocity must be privided,

Thermally, a free stream gas velocity provides convection cooling and

QVapoggtion of moisture released as "séeat" by the man, For high ._‘

-
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INTRODUCTION :
. A free stream velocity of the atmdsphefe surrounding man provides two
principal functions: (a) removes the products of metabolism and (b)

provides metabolic heat rejection,
] 1

Carbon.dioxide and water are the two major by-preducts of metabelism in
man. It is necessary to remove tﬂese wastes from the immediate vicinity
of the man so that hé can continue functioning normally. To a certain
extent, normal gassous diffusion will ﬁccomplish this. function, However,
the diffusion mechanism is limited and for metabolic rates higher thag‘

sedentary, a free stream gas velocity must be privided.

Thermally, a free stream gas velocity provides convection cooling and

evaporation of moisture released as "séeat" by the man, PFor high ._‘
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activity r4tes, latent evaporation 1s often a principal means by which
man dissipates metabolié heat. Since diffusion alone cannot provide
adeqﬁate nass transfer under.these eircumstances, a free stream velocity
becones mandatory. Of courss, thelmagnitude of }equired latent evapora=-

: !
tion heat removal is a function oflall of the envirommental paramsters

affecting crow thermal comfort: atmospﬁaric free streanm velocity, !
pressure, cabin gas temperature, cgbin dew point temperature, ard cabin

" wall temperature, For the purpose% of this study, it was assuned that.
the cabin wall temperature would ngt be below 55°F (to prevent water
condensation on the wall) and that'cabin dew point temperature would not
exceed 60°F, Furthermore, the analysis considered cabin pressures of

5 psia 10 psia, and 14,7 psia. On§ additional constraint placed upon
.thq problen ;equired that body ski% tomperature be maintained above 88°F,
" since lower temperatures induce discomf&rt. This last constraint places
a restriction on the amount of rad#ation heat transfer to which the

crewman can be subjected,

Phase I concerned itself with the éetermination of’free stream velocity
oexisting undar sea level condit*on§ due to the atmospheric motion ‘
induced by (1) ths temperature gradient between the man and the atmos=
phere and (2) the gravity field. It is expected that this velocity,
~which can prcvide‘thermal confort under one-g at 14,7 psia, produces a M
thermal dissipatory effect which, if duplicated at 5 psia unde; Z6Xro~g

will result in an acceptable velocity envirorment,
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Phase II employed the uss of the NASA-MSC Transient Metabolic Load
Analysi; computer program. This program has the capability of
predicting human thermal comfort under a varlety of environments and
considers the effect of fres stre%m gas velociiy on both convectlive and

evaporative cooling. ' '1 |

o

i

Finally, Phese III consisted of agliterature gearch of manned chsmber

tests oevaluating human thermal coﬁfort zones at reduced pressures. The

analysls and rosults of the studyéfollow.

i

!
| ;
i il

ANALYSIS AND RESULTS

I. Correlation of “Fres Conﬁectign” Fiow to a_Foreed Veloéity Field
Phase I of the analysis investigaées the nature and significance of fres
. and forced convection and evaluatés their dependsnce upon velocit&.
Where a gravity field exists, such as on earth, there will bo fluid
motion around a man if his surfacé temparaturs is at a tamparature
different from that of the atmospgerg surrounding hiﬁ. Thié is causod
by density gradients batween the itmosphere near the man's skin surface
and that removed from him, Thess gradients create bucyant forces. Thes
buoyant forces result in fluid motion Qith conssquont convective heat
and mass transfer taking place. The fgrco of gravity‘is thus ths
~ driving forcee which produces the atmospheric motion end maintaing a
®"fres convection® process continuously around a man on earth, -
Therefore, this motioh is always providing a minimum froe stream gsas
-velocity to maintedn physiologlcal well-bsing &s previously dissussed
(L.0., providing convective cooling, evaporativs wntar'removal, Co,
romoval, etc.). It might be added that, in many situatione on eartk,
T
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man 1is not content with this "free convection" and thus artificially

supplies a more "comfortablo" forced convection field.

In the zero gravity spaée environment, fres convection dossn't exist,
. | ‘

Therefore it should be of benefit to determine the forced convection

required to provide the condition which exlsts on earth.

If one were to characterize man as a cylinder with a gas stream flowing
’ parallel to his body (a porpendicular flow assumption does not give

significantly different results), @he Nusselt number (MN,,) for forced
convection may be written: {
| 1

1) Hug = (hpepgeq LR = 668 (om0 : (CP}4 MR 3

- The free convection Nnu may be similarly written:

~

g 1 1
2) Nog = (hgree L}/h. = .67 (§5—37:§3§) ' (Gr * Pf)»“

i' -
where = gas density, 1b/£t3 ! Cp = specific heat, Btu/lb-°F

V = gas velocity, ft/min | Pr = Prandtl nusber

L = plate or cylinder length, ft. Gr = Grashof number

R = gas conductivity, Btu/hr-ft ¢ h

heat transfer coefficient,

M= gas viscosity, 1b/ft-hr = ' Bta/hr - £t2 - ©

Utilizing the properties of air (or oxygen).and considering the body

dimensions of an average man, and setting equations 1 and 2 equal, we get

.3) L0212 (PV)é'= (.06) (P)2 g(Ts - Ta) : .
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where P = pressure, psi o Ta

cabin gas temperature,°F

g = fraction of earth gravity V = gas free stream velocity, ft/min,

_ Ts = body skin tempersture,’F

which reduces to l

A | | 12 ‘
yyve {06 Pas=1Ta) *1
<0212 P? ;

i

| Wo can solve equation & bj assumiég that 2 comfortable sea lovel
environment is one in which the t%mperature difference between skin® and
a%mospgera ié 20°F, Furthermore, %e caﬁ say a slightly uncomfortable
environment exists uheﬁ Tekin - Tair =‘10°F, and finally, a moderately

- uncomfortable or stuffy environﬁe%t exists at Tgesp = Tgyp = 5°F. These
three r;ther reasonable situstions should illustrate the velocity range
normally experienced at sea level,gnd are shown in Figwrs 1, It will‘be

noted that the veldeity ranges from 15 to 35 ft/min,

. Although the above results nay be indicative of the rangs of felocities :
of interest, the importance of velgcity on the affected paramsters

- (1.0., heat transfer, ovaporatibn,:etcg) has not been established on
earth, Therefore no corrélation about that veloclity regquired for the
space application at réduced pressure and that required on esrth can be ;.
‘made at this time, It is f}rst necessary to consider the actuel thermal
balance of a crewman in a spacecraft enviromment, Therefore, these

rosults must not be interpreted to be indices of thermal ecomfourt,

* Skin temperature is normally near 93°F,



II. Computer Simulation

The next phase of the investigation employed the use of the NASA
Transient Metabolic Load Analysis'computer program. The program
analytically simulates the thermaﬂ responﬁe of man to his environnent as
a function of his metabolic activity level in significant detail., The
simulator considers the internal p@ysioiogical response (cors tempera;

~ ture, blood flow, respiratory rat%, etc.) of the nan, resulting in
sweating rate, shivering ratse, he%t storage, eté., as well_as the
external heat transfer mechanism; &aking place bstween the man and his

environment £hrough éonvection, rgdiation, end evaporation, .

. o : |
Computer simulations were made at b psia and 14,7 péia. The 5 psia
cases considered wall temperature; froﬁ tho lower limit of 55°F to a
nominal value of ‘759F, Furthermore, cabin gas tempsratures over thé
range 70 to 75°F and dew point tem%eratures of 55 to 60°F were unsed, In
addition, several metabolic rates Lor; considered. The 14,7 psia run
was performed to correlate the effect of 1 vwgn free convection with
forced velocity effects for typical sea level conditions at various
motabolic rates, Figures 2 to 5 ;re plots of body heat storage vs.

velocity for steady state conditions,** | .

- % A 559F lower limit wall temperature was chosen to prevent watsr con-
densation on ths wall,

** Some mention should be made of the use of body heat storage as the
significant comfort parameter, Under conditions of thermal cemfort,
saverage skin temperatures are approximately 93°F and average deep
body temperatures are approximately 98.5°F. The total heat storags
resulting from these temperatures rising significantly sbove their
norm values 1s considered an accurate appraisal of thermal comfort,
Hoat storage values in excoss of 300 Btu's are equivalent to running
a moderate "fever" and result in decremsh®s in performance; host

“storage values in ‘excess of H00 Btu's are cqnivaiont’to 8 'higher body
- temperature with a pvossibility of heat e&haustion'or.collapse.
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Of primary interest is the shape of the cwrves in Figures 2, 3, aﬁd L,

As stated in the introductory comments, diffusion alone does not proviée
adequate moisture removal. This effect is shown quito drvamatically at
the lower velocities. Heat storade rises expone*tially since inadsquate
mass transfer does not dissipate ﬂhe latont heat genorated at high meta-
bﬁlic rates., As the veloclty increases, mass trensfer incrcases until
all bf the latent heat generated by the man is eveporeted., At this

| point, the curves flatten out and.it can be seen that the gradual

- decrease 1s due to convection cooling alone vhieh is not very sign*fi—
cant for the veloclty range consi@ored. Therefore, it may bs concluded
that the importance of velocity iﬁ maihﬁaining the thermal balsnce of a

| ' 3
working crewman stems primarily friom water removal, not convective
I

[
§

cooling, i

i

The significant results of this portion of the analysis show that for

. periods of high activity (2000 Btﬂ/hr netabolic rate), velociuiee of at’
least 15 ft/min are required to remove tho latent hsat of eveporation
generated and thus maintain body heat storage bslow the point of possible
collapse even with the lowesi wall temperature. For the higher wall
temperatures, periods of high activity;vould result in definite perform-
ance Impairment and poSsible collapse if sustalned for any length of
time unless velocities near 25 ft/min are provided, However, for the
high wall temperature case, periods of moderate activity (1000 Btu/hr)
could be safely tolerated with cabin velocities of 15 ft/min. For
resting periods (500 Btu/hr or less) diffusion is sufficient. It sh;uld-
be noted that the most desirable thermal conditién (zero heat storage)
occurs for a sedentary crewman with a cold wall and & velocity of 15 ft/min.

]

|
|




o 3

A run at sea level conditions was mado to compere the results from the
transiont metabolic simulator with the Phase I results which indicated
free convection equivalent velqcity.to be 15 to 35 ft/min.v Figure 5
shows that heat storage is dep?ndent only on free convection until

" forced convection effects begin to dominate at velocitie, groater than |
25 ft/min. This: suggests that fres convection currents at sea level
generate equivalent velocities in the neighborhood of 25 ft/min, wﬁich
is in basic aereement with the 'resulls of Phasc I of this study (sea
Figure 1). This result of velpcity equivalence could have been antici-
~pated since (1) it has been deiermiﬁed that evaporation is the dowinant
effect and (2) evaporation is ?ontrclled by water vapor removal, which

is a function of voluza flow (and thus proportional to velocity).
. ! 0 A

III. literaturs Search

The final segment of the stLdy was 8 litoraturs search to determira ey
qualitative velocity effeocts ﬂhat night exist. The most partinent
documentation that could bs found was & report of a manned chamber test
to deternins thermal comfort zonss for mixed atmospherss et reduced |
pressures. The investigation;was ferformed by Dougles Alrcraft Corpora-
tion under Contract NASW-1371. Tﬁe study was actﬁally intended to
determine the effect of reduced gas thermal conductivity upon comfort;
however, it coincidentally provided scme insight into the effects of gas
velocity. The significant result oflthis test was that subjects at

§ psia experiencing velocities of 20 ft/min required lower limit confort
temperatures significantly below those of subjects exposed to velocities

of 50 and 80 ft/min, One series of runs indicated that 2 minimun

|
|



iemperature of 71°F was selected by subjects at § psia to keop them

confortable, This would seem to suggest that to maintain comfort with
veiocities bolow 20 £t/min, the environmental control system would have
to be capable of providing cab*n temperatures below 70°F, Of course,
the chambor tos»s in the Dohﬂlas study were all made at 1 ngn and the
effects of froe convection on th; results cannot be underestinated,
Other inter esting results of the llyeratura search disclosed that 20 -
ft/min was usua*ly the minimum velocity utilized in chamber tests
because (a) this was believ?d equal to minimum natural convection
currents, and (b) this was %he ﬁinimum velocity obse:ved to maintain
nair freshness" over subjec?s participating in tests,

|

CONCLUSTONS N
When on earth, manris provi?éd with é natural flSw of atmosphere about
his body induced by tho exiguinv gravity fiold, Under normal sea level
conditions this natural f10+ provides sbout a 20 to 30 ft/min atmos-
pheric velocity. This, of ?ourse, doos not establish the necessary flcow

for crew survival under spacecraft conditions,

- Consideration of the overall thefmal balancse of a man subjected to
épacecraft conditions ylelds the result that the critical paramster is
the removal of the water released by the man for heat rejection. Even
for a cold walled vehiclé (55°F.), in order to provide sufficient atmos-
pheric flow under high metabolic activity levels gup to 2000 Btu/hr), a
ninimum velocity of 15 ft/min is'necessary,to rejéct the man’sqlatgnt

‘heat (sweat). For a more normal situation where wall temperature
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approaches gas temperature, a velocity of 25 ft/min is required at high
activity leveols, Incidéntally, these required atmospheric volocities

under spacecraft conditlions are very near those provided nsturally under
t
sea level conditions as previously discussed,
. | 3
To obtzin further qualitatiﬁe evidence as to the required velocities, a

litorature search of availaﬁle test data on the subject was conducted.
Although no re2lly appllcuble data was found, that aVailable disclosed
that a velocity near 20 ft/m‘n is usualLy considered a minimum for crew

comfort during chamber testq.

In view of the above conclusions, specific recommendations are made in
; :

| .
the following section, i

° | ;

RECOMAENDATTIONS

Based on the results of this.study, the ECS Branch of Crew Systems

Division recommends that:
e As 2 desizn goal, spacecraft should be supplied with ventilation
systems capable of providing average free stream gas velocities of

approximately 25 ft/min,

o Velocities below 15 ft/min are unacceptable since adequate cooling

during high crew activity will not be provided.



